Background/Aims: To investigate the effect and molecular mechanism of EGF on the growth and migration of hair follicle outer root sheath (ORS) cells. Methods: Intact anagen hair follicles were isolated from mink skin and cultured with EGF in vitro to measure ORS daily growth. Meanwhile, purified primary ORS cells were treated or transfected with EGF, and their proliferation and migration were assessed by MTT assay and transwell assay, respectively. The signaling pathway downstream of EGF was characterized by using the Wnt/β-catenin signaling inhibitor, XAV-939. Results: EGF of 2-20 ng/ml, not higher or lower, promoted the growth of follicular ORS in vitro. EGF treatment or overexpression promoted the proliferation and migration of ORS cells. Moreover, EGF stimulation induced nuclear translocation of β-catenin, and upregulated the expression of Wnt10b, β-catenin, EGF receptor and SOX9. Inhibition of Wnt/β-catenin signaling by XAV-939 significantly reduced the basal and EGF-enhanced proliferation and migration of ORS cells. In addition, a number of follicle-regulatory genes, such as Survivin, Msx2 and SGK3, were upregulated by EGF in the ORS cells, which was also inhibited by XAV-939. Conclusion: EGF promotes the proliferation and migration of ORS cells and modulates the expression of several follicle-regulatory genes via Wnt/β-catenin signaling.
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Introduction
The hair follicle consists of several concentric cylinders of epithelial cells that surround the hair shaft, including the inner root sheath (IRS) -the most inner layer, and the outer root sheath (ORS) -the outermost layer. In the mature hair follicles, the ORS, composed of nonkeratinized epithelial cells, extends from the base of the follicle bulb to the piliary canal, and is contiguous to the basal layer of the epidermis [1] . As a connecting component between the hair follicle and the epidermis, the ORS plays an essential role in the development and maintenance of the hair follicle and the growth of the hair shaft [2] . The hair and hair follicle undergo cyclic growth through three phases: anagen (growth), catagen (regression) and telogen (inactivity). The ORS represents a highly proliferative compartment in the follicle during the anagen phase.
EGF was first identified as a potent modulator of cell growth and differentiation in skin [3] . Histological studies revealed that EGF receptors (EGFR) were widely distributed in the epidermis and the epidermal derivatives of the cutaneous appendages, and were particularly localized in the sebaceous glands and over the ORS of the anagen hair bulb [4, 5] . Moreover, a temporary downregulation of EGFR in the basal epidermis was observed prior to follicle initiation during the embryonic development of sheep or rat [4, 5] . These observations demonstrated a dynamic expression of EGFR during the initiation and cyclic growth of hair follicles, suggesting a spatiotemporal regulation of EGF signaling in follicle development and growth. Previous studies have shown that EGF can stimulate a mitogenic response in ORS cells in vitro and in vivo [6, 7] , yet the underlying mechanism remains elusive.
The morphogenesis and development of the hair follicle depends on a number of signaling pathways [8] . The Wnt/β-catenin signaling pathway is considered as the master regulator during hair follicle morphogenesis because loss of function of β-catenin, an essential signal transducer in Wnt signaling pathway, blocks the formation of placodes and the subsequent generation of hair follicles during embryogenesis [9] . Moreover, deletion of β-catenin after hair follicles have formed leads to complete hair loss after the first hair cycle [9] , suggesting a crucial role of Wnt signaling in the maintenance of the postnatal hair cycle. The Wnt ligands, on the other hand, are classified as primary Wnts (Wnts 3, 4 and 6) and secondary Wnts (Wnts 2, 7b, 10a and 10b) based on the current functional evidences. The primary Wnts are essential players during the initiation of hair follicles, while the secondary Wnts are involved in the development of hair follicles [8, 10, 11] .
In the present study, the effects of EGF on the growth of ORS, as well as the proliferation and migration of ORS cells were assessed using anagen hair follicles and primary ORS cells from American minks. Furthermore, the role of the Wnt/β-catenin signaling pathway in EGF-modulated cellular activities was also investigated. Our study demonstrates that EGF promotes proliferation and migration of ORS cells, and upregulates the expression of several follicle-regulatory genes via the Wnt/β-catenin signaling pathway. ) of the dorsal skin were surgically excised, and the hair shafts and subcutaneous fat were removed. Following rinsing with sterile PBS (containing 100 U/ml penicillin and 0.1 mg/ml streptomycin), the skin specimens were disinfected with iodine and destained with 75% ethanol. Subsequently, the skin tissues were digested with 0.2 mg/ml collagenase D (Sigma-Aldrich, St. Louis, MO, USA) overnight at 4°C. After digestion, the hair follicles were carefully pulled out of skin individually with forceps under a microscope. Excess hair shaft outside the follicle was cut off, and the intact follicles were cultured in Williams E medium (Gibco, Carlsbad, CA, USA) supplemented with 10 μg/ml insulin, 10 μg/ml transferrin, 10 ng/ml hydrocortisone, 10 ng/ml sodium selenite, 2mM L-glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin (all from Sigma-Aldrich). The follicles were treated with EGF (Sino Biological Inc., Beijing, China) at 0.2 ng/ml, 2 ng/ ml, 20 ng/ml or 200 ng/ml, and maintained at 37°C in a humidified atmosphere consisting of 95% air and 5% CO 2 . The medium was changed every 2 days. The length of the ORS was measured every day from the 
Materials and Methods
Isolation and culture of hair follicles and ORS cells
Isolation and culture of ORS cells
The ORS culture was established based on a previously reported method [12] . Briefly, intact hair follicles were collected as described above, and the follicles were aligned evenly in a 35 mm 2 culture dish and cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) in a humidified atmosphere of 5% CO 2 . The ORS cells gradually attached to the culture dish. The medium was changed every three days, and the cells at passage 3 were used in subsequent experiments. The cultured ORS cells were identified by the expression of cytokeratin 19 (CK19) using rabbit anti-CK19 polyclonal antibody (#BA2266-1, BOSTER, Wuhan, China) by immunefluorescence staining and by immunocycochemistry with a StreptAvidin Biotin Complex (SABC) kit (BOSTER).
For EGF treatment, the cells were cultured with EGF at a concentration of 25 ng/ml or 50 ng/ml or 100 ng/ml for 48 h, followed by real-time PCR and Western blot analysis. For inhibition of the β-catenin pathway, 10 μM XAV-939 (MedChem Express, NJ, USA) was added into the culture 4 h prior to addition of 50 ng/ml EGF or 4 h after transfection.
Transfection
The plasmid encoding the open reading frame of murine EGF, pCMV3-mEGF (# MG50482-UT), and the control vector pCMV3-untagged (#CV011) were purchased from Sino Biological Inc. ORS cells were plated in 6-well plates at 3 × 10 5 cells/well or in 96-well plates at 4,000 cells/well, and cultured for 24 h. The cells were incubated with serum-free DMEM for 1 h, followed by transfection with the EGF overexpression plasmids (EGF O/E) or the control vector using Lipofectamine LTX (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The medium was replaced with fresh culture medium 4 h later.
Proliferation/MTT assay ORS cells were plated in 96-well plates at a density of 4,000 cells per well and cultured for 24 h. The cells were then subjected to transfection and/or the indicated treatment, and MTT solution (Sigma) was added to the cells 12 h, 24 h or 48 h later for 4 h incubation at 37°C. Formazan crystals were solubilized with 200 μl DMSO per well and the optical density (OD) at 490 nm was measured with an ELX-800 microplate reader (Bio-Tek Instruments, Winooski, VT, USA). Each assay point was done in five replicates.
Migration assay
Migration of the ORS cells was measured in the transwell apparatus (Corning, NY, USA) 24 h after EGF treatment or transfection. ORS cells in suspension (1 × 10 4 cells/200 μl) with or without EGF and/or XAV-939 were added to the upper chamber, and 800 μl of culture medium containing 20% FBS was added to the lower chamber. After 24 h, the cells on the upper surface of the transwell membrane were carefully wiped off, and the membrane was fixed with 4% paraformaldehyde and stained with 0.5% crystal violet (Amresco, Solon, OH, USA). The cells on the bottom surface of the membrane were examined under an inverted microscope at 200× magnification, and the number of migrated cells was presented as the mean of the cell numbers in 5 random fields on each membrane.
Real-time PCR
Total RNAs were extracted using the RNApure Total RNA Extraction Kit (BioTeke, Beijing, China). Reverse transcription was performed using Super M-MLV reverse transcriptase (#PR6502, BioTeke) at 42°C for 1 h. Real time-PCR analysis was conducted with the SYBR Green I Master Mix (Solarbio, Beijing, China) and the primers are listed in Table 1 . The real-time fluorescence signals were detected by the Exicycler 96 Quantitative PCR Analyzer (BIONEER, Daejeon, Korea). Actb, encoding β-actin, was used as the internal reference.
Western blot analysis
Total proteins were extracted with the Total Protein Extraction Kit (#WLA019, Wanleibio, Shenyang, China); nuclear and cytosolic proteins were extracted with the Nuclear and Cytosolic Protien Extraction Kit (#WLA020, Wanleibio). The protein concentration was determined with a BCA Assay Kit (Wanleibio). Forty μg proteins from each sample were separated by SDS-PAGE, and then transferred onto PVDF membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk solution for 1 h at room temperature, and incubated overnight at 4°C with one of the following primary antibodies: rabbit polyclonal anti-EGF (1:400; #BA4741, BOSTER), rabbit monoclonal anti-EGFR (1:1000; #ab52894, abcam, Cambridge, UK), rabbit polyclonal anti-SOX9 (1:500; bs-10725R, Bioss, Beijing, China), rabbit polyclonal anti-β-catenin (1:400; #BA0426, BOSTER), rabbit polyclonal anti-Wnt10b (1:500; #bs-3662R, Bioss), rabbit polyclonal anti-SGK3 (1:500; #bs-6475R, Bioss), rabbit polyclonal anti-Survivin (1:400; #PB0377, BOSTER), and rabbit polyclonal anti-Msx2 (1:500; #bs-10158R, Bioss). After washing with TBST for 5 min thrice, the blots were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies (1:5000; #WLA023, Wanleibio) for 45 min at room temperature. The signals were visualized with the chemiluminescence detection system (Wanleibio). The blots were stripped with the stripping buffer and re-probed for the internal reference protein: β-actin (mouse monoclonal anti-β-actin, #sc-47778, Santa Cruz, Dallas, TX, USA) for total and cytosolic proteins, and Histone H3 (rabbit polyclonal anti-Histone H3, #bs-17422R, Bioss) for nuclear proteins.
Immunofluorescent staining
The cells were fixed with 4% paraformaldehyde for 15 min, washed with PBS, permeabilized with 0.1% Triton X-100 for 30 min at room temperature, blocked with goat serum and incubated with rabbit polyclonal anti-β-catenin antibody (1:200; #BA0426, BOSTER) at 4°C overnight. After washing with PBS, the cells were incubated with Cy3-labeled goat anti-rabbit secondary antibody (1:200; #A0516, Beyotime, Haimen, China) for 1 h at room temperature in the dark. The cell nuclei were counter-stained with DAPI (Biosharp, Hefei, China), and the cells were observed by fluorescence microscopy (BX53, OLYMPUS, Japan).
Statistical analysis
All in vitro assays were repeated in three independent experiments. The data were analyzed with the SPSS software (IBM, USA), and the values are expressed as means ± standard deviation (SD). Homogeneity of variance was first tested, and the significance of difference between multiple groups was evaluated by one-way ANOVA, followed by Bonferroni post-hoc test. p<0.05 is considered statistically significant.
Results
EGF modulates ORS growth in vitro
Mink hair follicles were isolated and cultured in vitro in the presence of EGF ranging from 0.2 to 200 ng/ml. The length of the ORS was measured every day, and the daily growth of the ORS was recorded. As shown in Table 2 , for all hair follicles, the ORS grew fastest on the first day of culture, and the growth rate gradually declined in the following days. A low concentration of EGF (0.2 ng/ml) did not affect the growth of the ORS during 6 d culture. By contrast, EGF of 2 ng/ml and 20 ng/ml significantly enhanced ORS elongation in the first few days, and led to a marked total growth of the ORS over 6 days of culture. Notably, EGF of a higher concentration (200 ng/ml) did not stimulate ORS growth as 2-20 ng/ml EGF did. Instead, 200 ng/ml EGF somehow inhibited ORS growth on day 6. Thus, the results suggest that the growth-stimulatory effect of EGF on follicular ORS relied on the right concentration.
EGF promotes proliferation and migration of ORS cells
To investigate the effect of EGF on follicle growth, ORS cells were prepared from the hair follicles of mink dorsal skin and cultured in vitro. ORS cells were identified by the expression of CK 19 [13] (Fig. 1) . ORS cells were treated with EGF at the concentration of 25 ng/ml, 50 ng/ml or 100 ng/ml, and the proliferation of ORS cells was assessed by MTT assay. EGF of 50 ng/ml and 100 ng/ml significantly increased the proliferation rate of ORS cells over 48 h, whereas 25 ng/ml EGF had little effect on cell proliferation (Fig. 2a) . On the other hand, EGF of 50 ng/ml and 100 ng/ml, but not 25 ng/ml, significantly enhanced the migration of ORS cells, and the effect of EGF on cell migration was comparable between 50 ng/ml and 100 ng/ ml (Fig. 2b) .
To confirm the effect of EGF on the proliferation and migration of ORS cells, ORS cells were transfected with EGF overexpression plasmids or the empty vector. The levels of EGF mRNA and protein were markedly increased in the ORS cells with EGF overexpression (p < 0.001; Fig. 3A-C) . Moreover, Overexpression of EGF significantly accelerated the proliferation of ORS cells (p < 0.05; Fig. 3D) , and also promoted cell migration (p < 0.001; Fig. 3E ). The effects of EGF overexpression are consistent with EGF treatment in the ORS cells. Table 2 . Growth of the follicular ORS with EGF treatment. Note: compared with ORS growth of the untreated hair follicles on the same day, * p < 0.05, ** p < 0.01, *** p < 0.001 the ORS compartment in vitro, whereas the ORS did not respond to a higher concentration of EGF regarding to growth but was somehow inhibited by the high-dose EGF. The ORS forms the outermost epithelial layer of the hair follicle and represents a direct continuation of the basal layer of the epidermis. EGF was previously demonstrated to promote keratinization of ORS cells [21] , and it induces epidermal differentiation at the expense of hair follicle fate [22] . Thus, high concentrations of EGF may promote differentiation of ORS cells, rather than proliferation. As such, the concentration of EGF is critical for its function in the ORS in terms of proliferation versus differentiation. Proliferation and migration of the ORS cells contribute to the outgrowth of the ORS. In the present study, EGF treatment or overexpression of EGF accelerated the proliferation of the ORS cells. The mitogenic effect of EGF on the cultured ORS cells is consistent with previous studies [7, 23] . In addition, EGF also promoted the migration of ORS cells. Previous studies have demonstrated that inhibition of EGFR results in decreases in the growth and migration rates of keratinocytes [19] . Here, we show that EGF also signals the ORS cells to devote the energy to growth and migration, for the elongation of the ORS as well as the hair follicle.
In the present study, prolonged EGF treatment or EGF overexpression upregulated the expression of EGFR in the ORS cells. This is most likely attributed to the positive feedback loop between the ligand and the receptor. In addition, long-term EGF stimulation also enhanced the expression of SOX9, an essential transcription factor for ORS differentiation [2] , suggesting that EGF may play a role in the fate determination of ORS through SOX9.
Wnt/β-catenin signaling is critical for the development and regeneration of hair follicles [9, 10] . Wnt signaling is mediated by stabilization and translocation of β-catenin to the nucleus where it binds TCF/Lef to activate the transcription of Wnt target genes [24] . In the present study, EGF induced nuclear translocation of β-catenin and also augmented the expression of β-catenin and Wnt10b. Moreover, EGF-induced upregulation of β-catenin was inhibited by XAV-939. These results suggest that EGF augments the β-catenin pathway through a positive feedback loop, and Wnt10b is likely to be involved in EGF-β-catenin amplification loop in the ORS cells. Wnt10b was previously demonstrated to promote the growth of hair follicles via the canonical Wnt/β-catenin signaling pathway [25] . In our study, inhibition of β-catenin signaling by XAV-939 attenuated basal and EGF-stimulated proliferation and migration of ORS cells, implying that β-catenin signaling is required for the proliferation and migration of ORS cells. In addition, by upregulating Wnt10b, EGF stimulates the proliferation and migration of ORS cells through the canonical Wnt/β-catenin signaling pathway. Survivin, Msx2 and SGK3 are implicated in the development, morphogenesis and cyclic growth of hair follicles [16] [17] [18] . Wnt/β-catenin signaling pathway has been proposed to mediate SGK3-dependent regulation of hair follicle development [26] and modulate Survivin expression during adult neurogenesis [27] . In this study, EGF upregulated the expression of Survivin, Msx2 and SGK3 in the ORS cells, which was inhibited by XAV-939, suggesting that Wnt/β-catenin signaling is required for EGF-stimulated expression of Survivin, Msx2 and SGK3 in the ORS cells. However, the impact of EGF-modulated expression of these follicleregulatory genes on follicle development or growth remains to be further elucidated in future studies.
In conclusion, EGF can promote growth of the ORS compartment of mink hair follicles in vitro, and enhance proliferation and migration of the ORS cells via activation of the Wnt/β-catenin signaling pathway. Moreover, Wnt/β-catenin signaling also mediates EGF-induced expression of several follicle-regulatory genes in the ORS cells.
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